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ABSTRACT

This final report covers the significant activities associated with the design and development
of Power Conditioning Equipment (PCE) for the Thermoelectric Outer Planet Spacecraft (TOPS)
program. The work was performed under JPL Contract No. 952536 during the period from
April 1969 through December 1971. During this period four quarterly technical reports were
issued along with biweekly progress reports and numerous topical reports. This final report

has assembled the more significant results of this overall effort.

One major aspect of the program included the design, assembly and test of various breadboard
power conditioning elements. Among others these included a quad-redundant shunt regulator,
a high voltage (~ 3500 vdc) Traveling Wave Tube dc-to-dc converter, two-phase gyro inverters
and numerous solid-state switching circuits. Toward the end of the development effort many
of these elements were arranged in a typical subsystem configuration and tests were conducted

which demonstrated basic element compatibility.

In parallel with the development of the basic power conditioning elements, system studies were
continued during the entire effort. As new mission related data became available from JPL,
the design effort for the PCE was examined and a suitable system configuration was gradually

evolved. The salient features of the selected power subsystem configuration are as follows:
e The PCE regulates the power from the radioisotope thermoeleétric generator
(RTG) power source at 30 vdc by means of a quad-redundant shunt regulator.

e 30 vdc power is used by certain loads, but is more generally inverted and
distributed as square-wave ac power.

e A protected bus is used to assure that power is always available to the Control
Computer Subsystem (CCS) to permit corrective action to be initiated in re-

sponse to fault conditions.

e Various levels of redundancy are employed to provide high subsystem reliability.
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A/C Attitude Control Subsystem

AEC Atomic Energy Commission

ASI Amperes per Square Inch

BOM Beginning of Mission

CCs Control Computer Subsystem
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CG Command Generator
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MB Main Bus
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MPS Measurement Processor Subsystem
OSE Operations Support Equipment
PB Protected Bus

PCE Power Conditioning Equipment
Ps Power Supply

Rft Failure Tolerant Reliability

Rpow 100% Main Bus Power Reliability
RDA Remote Decoder Array



RFS
RTG

s/C
SEQ
SRP
SwW

TARP
T/C
TCM
TOPS
T/R
TSS
TTL
TWT
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Radio Frequency Subsystem
Radioisotope Thermoelectric Generator

Spacecraft

Sequence

Shunt Resistor Panel
Switch

Test and Repair Processor

Thermal Control Subsystem

Trajectory Correction Maneuver
Thermoelectric Outer Planet Spacecraft
Transformer - Rectifier

Timing Synchronizer Subsystem
Transistor - Transistor Logic
Traveling Wave Tube
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SECTION 5
BREADBOARD CIRCUIT DESIGN

The detailed design and breadboard test results of those circuits investigated for the functions
of the Power Conditioning Equipment are presented in the following sections. Also included
is a detailed Failure Modes, Effect, and Criticality Analysis (FMECA) for those circuits

s elected for the baseline.design.

5.1 CURRENT THROTTLE

5.1.1 FUNCTIONAL REQUIREMENTS

The Current Throttle (CT) is to provide a péth to the Main Bus (MB) such that after the Pro-
tected Bus (PB) loads are satisfied, the remaining power of RTG No. 1 can be used by the
MB loads (see Figure 5.1-1). This is to be accomplished by limiting the current to the MB
in order to maintain the PB voltage. The CT is to meet the requirements of Table 5.1-1
while operating in two modes: .a passing mode when the MB voltage is within specification;
and a limiting mode when failures cause the MB voltage to drop below specification.

’

Table 5.1-1. Current Throttle Requirements *

CcT Input MB Pass Efficiency
Operating Voltage Voltage Current
Mode (vde) (vde) (amperes) (Percent)
Pass 30.3 to 33.3 30.0 +0.30 0to5 95@
' 3 amperes
Limit 30.50 +0.30 0 to 29.7 0.9 to 3.5 -—

* These functional requirements are those to which the breadboard was designed and tested.
Since the breadboard testing, the theory of operation has remained the same with a change
to the input voltage requirement. _
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Figure 5.1-1. Current Throttle Interface Block Diagram

R4 CR1

Figure 5.1-2. Current Throttle No. 2 Schematic



5.1.2 DESIGN DESCRIPTION

The Current Throttle shown schematically in Figure 5.1-2 is primarily a series regulator
that senses its input rather than output voltage. It consists of a reference (CR1), a sense
circuit (R1, R3, R4), a high gain amplifier (A1), current amplifiers (Q1, Q2), and the pass
element (Q3).

When operating in the pass mode, the Al output is high causing Q3 to be near saturation. A
decrease in the output voltage would lower the input due to the small voltage drop across Q3.
This then causes operation in the limit mode. A decrease in Vin reduces the output of Al and
results in a decrease of base drive to Q3. This results in an increase in voltage drop across

Q3 which maintains the CT input voltage (Vin).

When in the limit mode, the gain of Q3 increases as it begins operating in its linear region.
The network R7, R8, C3 reduces Q1 gain to prevent it and the amplifier Al from operating

to their cut-off regions where Q3 gain increases.

To reduce the dissipation in Q3 when in the limit mode, a current generator circuit was
added which shunts slightly less than the minimum current the RTG can provide to the Main
Bus. Two configurations of the current generator were tested. Configuration A and Con-

figuration B were designed to bypass 3 amperes and 0.9 ampere respectively.

A quad arrangement of zener diodes was used in the current generator to prevent a single

failure from drastically altering the bypassed current.

Thefe is little thermal stress on the CT elements when operating in the pass mode. During
the limit mode, however, it is possible that Q3 could dissipate as much as 80 watts. This
possibly will elevate the junction temperature above the steady state maximum imposed for
reliability, but duration of the limit mode operation is restricted by failure correction

mechanisms to less than 1 second.
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Temperatures obtainable in the transistor when packaged for flight cannot be determined
until an actual mechanical design permits calculation of thermal resistances. It is felt if
Q3 junction temperature does not exceed 200°C during the short high power mode, this

Current Throttle design is adequate.

5.1.3 TEST RESULTS
The setup as shown in Figure 5.1-3 was used to test a development breadboard (CT No. 1)
and a quality breadboard (CT No. 2) over the temperature range of -10 to +100°C. Dynamic

response of CT No. 1 was determined using the setup of Figure 5.1-4.
The development breadboard was Vector-board constructed with the power transistors
mounted to finned heat sinks, while the quality breadboard was mounted in a 7 x 9 x 2 inch

aluminum chassis.

5.1.3.1 Development Breadboard (CT No. 1)

The schematic of CT No. 1 is shown in Figure 5.1-5.

The CT output was loaded to cause operation in the limit mode. Figure 5.1-6, which pre-
sents the effect on terminal voltage as the temperature is varied, shows that the terminal
voltage variation is directly related to the zener diode (IN 827) change with temperature. The
input voltage requirement of Table 5.1-1 was met. During this test, the voltage drop across
the Current Throttle was varied at each temperature to determine the change in regulation.

These results are summarized on the following chart.

» Temp

°C -10 +10 +25 +40 +100

Vdrop 1.5 to 1.5 to 1.5 to 1.5 to 1.5 to

‘range 30.0 30.0 30.0 30.0 24,0
v

a reg 0.054 0.058 0.095 0.088 0.017
over
range
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Figure 5.1-5. Current Throttle No. 1 Schematic (Development Breadboard)

Figure 5.1-6. Current Throttle No. 1 Regulation Versus Temperature
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The CT power dissipation while operating in the pass mode was calculated:
e g \% I vV,
Power Dissipation = ( drop x load) + ( in x loss current)

These results were plotted for various load current in Figure 5.1-7. This data was used

to determine efficiency in the pass mode as follows:

(IL X Vin) - Power Dissipation

Percent Efficiency = X 100

I Vv
Lx in
Efficiency as shown on Figure 5, 1-8 exceeded the requirement of 95 percent at 3 amperes,

Next, the CT voltage drop in the pass mode was measured as load current (current through
CT) was varied. The results are shown in Figure 5,19, Since values higher than antici-
pated were measured, a bench test shown as '""Free Room Air' was performed. The data
identified as '"Free Room Air Including Wires' was measured at the same point as the tem-
perature chamber voltage drop was measured. The effect of the wiring is evident when the
measurement point is moved to be directly across the pass transistor Q3 as shown by the
data titled '""Free Room Air Across Pass Transistor.' The difference between the two
curves represent about 0, 03 ohms of wiring. Consequently, the voltage drop, power dis-

sipation and efficiency results include some line loss.

The power dissipation in the pass transistor Q3 and the constant current transistor Q5 is
shown in Figure 5. 1-10 when operating in the limit mode. In this case, the constant current

generator was in Configuration A which shunts 3 amperes.

Dynamic tests of CT No. 1 were performed to measure the response to step loading the
output which causes transition from the pass mode to the limit mode of operation. Also,
effect of varying the compensation of the high gain amplifier Al on the CT response was
recorded on Figure 5,1-11, The minimum compensation required for stability was 10

picofarads.
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TYPICAL

VOLTAGE
TIME
| MAGNITUDE
' l FINAL BUS
l | VOLTAGE
;‘ DURATION "
Current Final Compensation _ Magnitude Duration
(amps) (volts) ph (v_olts) @s)
2.90 5 ’ 10 0,13 122
2,90 5 20 0,20 165
2.90 5 38 0.27 235
2,90 15 10 0,45 46
2,90 15 20 0.63 74
2,90 15 39 0.98 118
< 0,01 5 10 0.15 115
< 0,01 5 20 0.20 175
< 0,01 5 39 0.28 250
< 0,01 15 10 0. 47 50
< 0,01 15 20 0.60 76
< 0.01 15 39 1.02 125

Figure 5.1-11. Compensation Tradeoff and Undershoot Results
(Data Interpreted from Photographs)

5.1.3.2 Quality Breadboard (CT No. 2)

The schematic of CT No. 2 was the same as CT No, 1 except a LM 208 was used in place

of the LM 101A operational amplifier.

Two constant current sections were tested by changing the values of R12 and R13. Con-

figuration A identifies the 3 ampere and Configuration B the 0.9 ampere unit,

The results of regulation tests over the temperature range show that both were within the

specified requirement (see Figure 5,1-12).

Figures 5.1~13 and 5. 1-14 show the voltage drop across the CT when operating in the pass
mode., As with the same test performed on CT No. 1, it was found that these measure-
ments included about 0. 04 ohms of wiring drop and therefore are slightly larger than actual.

This is demonstrated by the curve entitled Q3 Bench on Figure 5,1-14,
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The power dissipation and efficiency were determined in the same manner as CT No. 1

and are shown on Figures 5.1-15 and 5. 1-16.

5.1.4 FAILURE MODE, EFFECT, AND CRITICALITY ANALYSIS
The Failure Mode, Effect, and Criticality Analysis (FMECA) performed on this component
is shown on Table 5.1-2. Its purpose was to analyze the operation of each piece part to

determine single failure effects on the component operation.

5,1,4.1 Special Recommendations

When the Standby Current Throttle is switched on into an overvoltage condition on the Pro-
tected Bus due to an open failure of the main Current Throttle, it will turn on to load the
bus and bring it into regulation within 500 microseconds. The LM208 op amp is rated for
a maximum source voltage of 40 vdc which is below the 41 vdc transient overvoltage level
expected on the Protected Bus. It is recommended that the LM208 be replaced by an
LM101A which is rated for a higher source voltage,

5.1.4.2 Piece Part and Circuit Failure Rates

The following tabulation (Table 5. 1~3) was derived using the Current Throttle schematic
(Figure 5, 1-2) and the approved piece part failure rates.

-25°C

o CURRENT THROTTLE
#sc TEMPERATURE
+85%C WITHIN THE

CHAMBER 00—

85°C CURRENT THROTTLE

o TEMPERATURE
vel— +25°C WITHIN THE
_28°%c CHAMBER
Yy .

2L

POWER DISIPATION (WATTS)

EFFICIENCY (PERCENT)

0 { l I l J ] 1 2 3 4 5
Figure 5.1-15. Current Throttle No, 2 Figure 5,1-16. Current Throttle No, 2
Total Power Dissipation versus Load Current Efficiency versus Load Current
Configuration A Configuration A
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Table 5.1-2. Failure Mode, Effect, and Criticality Analysis

Subsystem _ POWER

Page 1

of 5

Drawing No Prepared by_R. ANDREWS
Circuit Part Failure ‘Most Probable Failure Effect on Failure Effect on Compensating | Remarks gnd
Item Syabol Type Function Mode Cause of Failure Component Subsystea or System Provisions Recommendations
1 Rl RESISTOR PART OF INPUT OPEN REMOVES BASE DRIVE PROTECTED BUS VOLTAGE |C.T. STEER-
VOLTAGE SENSE FROM PASS TRANSISTOR |RISES DUE TO UNLOADING {ING SWITCH
DIVIDER Q3 AND CAUSES CURRENT [RTG #1 SENSES AND
THROTTLING SWITCHES IN
THE STANDBY
CURRENT
iTHROTTLE
. \
2 R2 RESISTOR LIMITS CURRENT OPEN Op AMP QUTPUT WILL NO EFFECT UNTIL MAIN 'C.T. STEER- SHORTED C.T.
TO VOLTAGE RE- .| ALWAYS REMAIN HIGH. {BUS FAILURE PULLS ING SWITCH
FERENCE CRY Q3 REMAINS ON EVEN DOWN THE PROTECTED BUS {SENSES AND
WITH LOW INPUT VOLTAGEVOLTAGE. SWITCHES IN
THE STANDBY
- JCURRENT
THROTTLE
3 R3 RESISTOR PART OF INPUT OPEN CHANGES THE OPERAT- JNO EFFECT UNTIL MAIN [C.T. STEER- SHORTED C.T.
VOLTAGE SENSE ING VOLTAGE RANGE. BUS FAILURE PULLS ING SWITCH
DIVIDER INPUT VOLTAGE MUST DOWN THE PROTECTED BUS |SENSES AND
DROP LOWER NOW FOR VOLTAGE SWITCHES IN
CURRENT THROTTLING. THE STANDBY
JCURRENT
THROTTLE
4 R4 RESISTOR PART OF INPUT QPEN CHANGES THE OPERAT- |NO EFFECT UNTIL MAIN C.T. STEER- SHORTED C.T.
VOLTAGE SENSE ING VOLTAGE RANGE. BUS FAILURE PULLS ING SMITCH
DIVIDER INPUT VOLTAGE MUST DOMN THE PROTECTED BUSJSENSES AND
DROP LOWER NOW FOR VOLTAGE SWITCHES IN
CURRENT THROTTLING. THE STANDBY
CURRENT
ITROTTLE
5 RS RESISTOR Q1 LEAKAGE OPEN IF Q1 HAS HIGH CURRENT THROTTLE WILL PC.T. STEER- SHORTED C.T.
RESISTOR LEAKAGE, GAIN TO Q3 INOT WORK WHEN MAIN BUS]ING SWITCH
COULD BE SUFFICIENT ‘VOLTAGE DROPS . JSENSES AND
TO KEEP CT FULL ON AN SWITCHES IN
NOT THROTTLE. THE STANDBY
JCURRENT
THROTTLE
6 R6 RESISTOR Q2 LEAKAGE OPEN IF Q2 HAS HIGH CURRENT THROTTLE WILL |C.T. STEER- SHORT C.T.
RESISTOR LEAKAGE, GAIN TO Q3 |NOT WORK WHEN MAIN BUS}ING SWITCH
COULD BE SUFFICIENT JVOLTAGE DROPS $ENSES AND
TO KEEP CT FULL ON SWITCHES IN
AND NOT THROTTLE. THE STANDBY
CURRENT
THROTTLE

g
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Subsystem _ POWER Page 2 of 5
Component _ CURRENT THROTTLE
Drawing No. Prepared by
Circuit Part Failure Most Probable Failure Effect on Failure Effect on Compensating | Remarks gnd
Item Syabol Type Function Mode Cause of Failure Component Subsystem or System Provisions mm;w___-
7 R7 RESISTOR DETERMINES Q2- OPEN REDUCTION IN FREQUENCY} SLOWER RESPINSE TO NONE
Q3 DRIVE WHEN CT| RESPONSE DUE TO RE- CHANGE IN PROTECTED
IS LIMITING DUCTION IN FEEDBACK BUS VOLTAGE. LARGER
CURRENT TRANSIENT DURATION.
8 R8 RESISTOR DETERMINES GAIN OPEN IF NOT SUFFICIENT GAIN] NO EFFECT U4TIL PB  :C.T. STEERIN
OF Q) WHEN NOT IN Q2 - Q3, PB VOLTAGE| VOLTAGE EXCEEDS SPEC.: SWITCH SELECTS
LIMITING WILL RISE. VALUE !STANDBY C.T.
9 R9 RESISTOR Q3 LEAKAGE OPEN o - COULD PREVENT THROTTL-| NO EFFECT UNTIL MAIN |C.T. STEERI® SHORT C.T.
RESISTOR ING IF Q3 LEAKAGE BUS FAILURE PULLS SWITCH SELECTS
CURRENT IS HIGH DOWN THE PROTECTED ETANDBY C.T.
BUS VOLTAGE )
10 RI0 |  RESISTOR  |CURRENT LIMITER |  OPEN CONSTANT CURRENT CAUSES EXCESS DIS-  IC.T. STEERIG
FOR Q4 SECTION OF Q4 - Q5 SIPATION IN Q3 PASS |SWITCH SELECTS
FAILS TO PERFORM ELEMENT WHEN THROTTL-{ STANDBY C.T.
ING. Q3 MIGHT FAIL
1 R11 RESISTOR Q5 LEAKAGE OPEN IF Q5 LEAKAGE IS HIGH,| P.B. VOLTAGE MIGHT C.T. STEERIN
RESISTOR TOO MUCH CURRENT CQULD] DROP BELOM SPEC. SWITCH SELECTS
BE PASSED TO THE MAIN STANDBY C.T.
BUS UNDER THROTTLING
CONDITIONS
12 R12 RESISTOR POWER BYPASS OPEN INCREASES POWER DISSI-| NO EFFECT UMLESS Q4 -
PATION IN Q4 - Q5 WHENM Q5 FAILS See Item 22
THROTTLING
13 R13 RESISTOR POWER BYPASS OPEN ALL CURRENT WILL PASS | CAUSES INCREASE IN DIS{C.T. STEERIN
THRU Q3 WHEN THROTTL- | SIPATION OF Q3.( 150 [ SWITCH SELECTS
ING WATTS) PROBABLY STANDBY C.T.
i WOULD FAIL. )
14 CR1 ZENER DIODE | VOLTAGE REFERENCE OPEN Op AMP OUTPUT GOES PROTECTED BUS VOLTAGE|C.T. STEERIN OPEN C.T.
LOW, REMOVING BASE RISES DUE TO UNLOAD- | SWITCH SELECTS
DRIVE FROM Q3 AND ING RTG #1 STANDBY C.T.
CAUSES CURRENT THROTT-]
LING
SHORT Op AMP OUTPUT WILL C.T. WILL NOT THROTTL SHORTED C.T.
NEVE_R GO LOW. - IF MB GOES DJWN
!
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Table 5, 1-2,

Failure Mode, Effect, and Criticality Analysis (Cont'd)

Subsystem POWER Page 3 of  §
Component __ CURRENT THROTTLE
Drawing No. Prepared by
Circuit Part Failure Most Probable Failure Effect on Failure Effect on Compensating | Remsrks gng
Item Symbol Type Function Mode Cause of Failure Component Subsystem or System Provisions Recommendations
15 CR2 ZENER DIODE {MINIMUM Op AMP OPEN LOSS OF BASE DRIVE C.T. FAILS OPEN C.T. STEERING OPEN C.T.
OUTPUT VOLTAGE TO Q1 CIRCUIT. WON'T SWITCH SELECTS
WOULD NOT ALLOW PASS CURRENT TO STANDBY C.T.
Q1 TO CUT-OFF. MAIN BUS
THIS ZENER
VOLTAGE DROP
COMPENSATES FOR
THAT
SHORT Q1 CANNOT BE COMPLETE} PROTECTED BUS VOLTAGF
LY CUT-OFF WHEN COULD DROP BELOW
THROTTLING SPEC. IF MB FAULT
IS LARGE
16 CR3 ZENER DIODE | VOLTAGE REFER- OPEN REDUCES BASE DRIVE NO EFFECT UNTIL PB ¢ .7, STEERING
ENCE FOR Q1 GAINL TO Q2. IF NOT SUFFI-] VOLTAGE EXCEEDS SWITCH SELECTS
WHEN NOT LIMITIN CIENT GAIN IN Q2 - 031 SPEC. VALUE STANDBY C.T.
PB VOLTAGE WILL RISE
SHORT INCREASES GAIN OF Q, RESPONSE TIME WOULD | NONE REQUIRED
Q1 COULD GO INTO CUT-} BE REDUCED WHEN
OFF WHEN THROTTLING COMING OUT OF
THROTTLING MODE
17 CR4 ZENER DIODE |VOLTAGE REFER- OPEN CONSTANT CURRENT PB VOLTAGE WOULD C.7. STEERING THESE ZENER DIODES
THRU ENCE FOR CONSTA SECTION WOULD PASS DROP SPEC. SWITCH SELECTS | ARE IN A QUAD ARRANG-
CR7 CURRENT SECTION TOO MUCH CURRENT WHEN STANDBY C.T. MENT. FOR A FAILURE
THE MB YOLTAGE DROPS OPEN, TWO PARALLEL
BELOW 15 VDC DIODES MUST FAIL OPEN
FOR A FAILURE SMORT,
SHORT CURRENT PASSED BY THI} INCREASED POWER IN TWO SERIES DIODES

SECTION WOULD BE RE-
DUCED WHEN THROTTLING
Q3 WOULD HAVE TO MAKE
UP THE DIFFERENCE.

Q3 COULD CAUSE FAIL-
URE.

MUST FAIL SHORT
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Subsystem  POWER Page 4 of_ §
Component
Drawing No. Prepared by
Circuit Part Failure Most Probable Failure Effect on Failure Effect on Compensating | Remarks gnd
Item Symbol Type Function Mode Cause of Failure Component Subsystem or System Provisions Recommendations
18 LM208 OPERATIONAL  [COMPARES SAMPLED ouTPUT Q3 REMAINS FULL ON. PB VOLTAGE DROPS C.T. STEERING SHORT C.T
AMPLIFIER P8 INPUT VOLTAGE HIGH NO THROTTLING IF THE WHEN MB VOLTAGE FALLY SWITCH SELECTS
WITH A REFERENCE MB VOLTAGE DROPS STANDBY C.T.
VOLTAGE
OUTPUT Q3 CUTS OFF. WON'T | PB VOLTAGE GOES HIGH OPEN C.T.
LOW PASS CURRENT INTO MB DUE TO INADEQUATE
LOADING OF RTG
19 Q TRANSISTOR PLIFICATION OF OPEN 1 Q3 CUTS OFF. WON'T PB VOLTAGE GOES HIGH {C.T. STEERING OPEN C.T.
p AMP SIGNAL PASS CURRENT INTO MB DUE TO INADEQUATE SWITCH SELECTS
LOADING OF RTG STANDBY C.T.
SHORT Q3 REMAINS FULL ON. PB VOLTAGE DROPS WHE | SwoRT C.T.
NO THROTTLING IF THE | MB VOLTAGE FALLS.
MB VOLTASE DROPS N
20 Q2 TRANSISTOR EMPLIFICATION OF OPEN Q3 CUTS IFF. WON'T PB VOLTAGE GOES HIGH IC.T. STEERING OPEN C.T.
1 SIGNAL PASS CURRENT INTO MB I EQEATE SWITCH SELECTS
PiRolNG 4" STANDBY C.T.
SHORT Q3 REMAINS FULL ON. PB VOLTAGE DROPS WHE SHORT C.T.
NO THROTTLING IF THE MB VOLTAGE FALLS
R MB VOLTAGE DROPS.
21 Q3 TRANSISTOR PASS SUFFICIENT OPEN MINIMAL CURRENT FLOW PB VOLTAGE GOES HIGH [C.T. STEERING OPEN C.T.
LURRENT INTO THE INTO MB VIA R12 R13. DUE TO INADEQUATE WITCH SELECTS
MAIN BUS TO CON- LOADING OF RTG TANDBY C.T.
B g ggorec
SHORT NO THROTTLING IF THE PB VOLTAGE DROPS WHEN] SHORT C.T.

MB VOLTAGE DROPS

MB VOLTAGE FALLS.
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Table 5. 1-2., Failure Mode, Effect and Criticality Analysis (Cont'd)

Subsystem _POWER Page_ 5 of 5
Component _CURRENT THROTTLE
Drawing No. Prepared by
Circuit Part Failure Most Probable Failure Effect on Failure Effect on Compensating | Remarks gad
Item Symbol Type Function Mode Cause of Failure Component Subsystem or Systea Provisions Recommendations
22 4 & Q5 TRANSISTOR  |DARLINGTON OPEN CONSTANT CURRENT CAUSES INCREASE IN PRI
ARRANGEMENT SECTION WILL NOT PASS {DISSIPATION OF Q3 WHEN STANDBY C.T
ICH SHUNTS ENOUGH CURRENT INTO MBITHROTTLING. Q3 MIGHT e
URRENT PAST R12 WHEN THROTTLING. Q3 JFAIL.
WHEN OUTPUT IS MUST MAKE UP THE DIFF-
LOW. REDUCES ERENCE
POWER DISSIPATIO
IN Q3 WHEN
THROTTLING
SHORT CONSTANT CURRENT PB VOLTAGE DROPS WHEN

SECTIIN WILL PASS TOO
MUCH CURRENT INTO MB
WHEN '8 VOLTAGE IS

16 VDC OR LESS.

MB VOLTAGE IS LESS
THAN 16 VDC
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Table 5.1-3. Failure Rate Calculations

Resistor Resistor Resistor Diode Transistor Transistor Operational
Piece Part -Carbon- ~-Film- -Power- -Zener- -Signal- -Power- Amplifier
Failure Rate (x 105 A=0,001 - A=0. 008 A=0, 090 A=0. 020 A=0. 020 A=0, 080 A=0. 200
Failure Mode Open Short Open Short Open | Short Open Short Open Short Open Short QOpen Short
Faflure Mode Ao A8 Ao As Ao As Ao As Ao As Ao As A0 As
Symbol )
Failure Mode 1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Probability
Qauntity per Circuit 4 3 0 3 3 0 5 1 3 1 3 3 1 1
Cumulative Failure 0.004 0.003 0.024 0.270 0 0.050 0.010 0.030 0.010 0.120 0.120 0.100 0.100
Rate
- Failure Mode Totals
Ao,r = ZXo 0.004 + 0.000 + 0.270 +- 0.050 + 0.030 + 0.120 + 0.100 = 0.574
lsT = I8 0.003 + 0.024 + 0.000 + 0.010 + 0.010 + 0.120 + 0.100 = 0.267
Ap 0.841 x 1078 failures per hour




5.2 CURRENT THROTTLE STEERING SWITCH

5.2,1 FUNCTIONAL REQUIREMENTS (Figure 5,2-1)

The current throttle steering switch provides the power path through one of two current
throttles. Normally, one is specified as prime, and the second throttle is selected only if
the first one is known to have failed. The electronics of the steering switch senses the
voltage on the Protected Bus to detect a current throttle failure. The second throttle is
selected if the Protected Bus voltage exceeds 32. 8 +0. 3 volts or falls below 31,6 - 0.3 volts
dc. The selection of either current throttle can be done by CCS command and the steering
switch design must be such that no failure in the voltage detection circuitry overrides a sub-
sequent command. To avoid erroneous switchover due to system transients, a 1 to 5 milli-

second delay was required.

PROTECTED DC BUS |

STEERING
C)——- CURRENT
SWITCH — TaROTTLE #2 [P
v
RTG | _§ ' @———e MAIN DC BUS
# =

CURRENT

— rTHrOTTLE#1 [Pt

CCS COMMANDS

Figure 5.2-1., Current Throttle Steering Switch Interface Block Diagram
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These functional requirements are those to which the breadboard was designed and tested.
Since the breadboard testing, the theory of operation has remained the same with a change

to the Protected Bus voltage levels at which the second current throttle is selected.

5.2.,2 DESIGN DESCRIPTION (Figure 5.2-2)

The steering switch is simply a DPDT mag latch relay with coil drivers for command inter-
face. An under/over voltage detectdr can also provide the select current throttle (CT)

No. 2 command, capacitively coupled to provide greater than 10 milliseconds command

pulse width, and permit command override reset to No. 1 despite a detector output.

Energy storage is provided for selecting CT No. 2 since a fault on the Main Bus will pull down.
the Protected Bus if the CT No. 1 has failed ‘short. The 62 ohm resistor in the B+ line along
with the 100 uf energy storage capacitor prevents damage to the amplifier due to the high
voltage transient (50-60 volts) which occurs either when the RTG feeding the main bus is

unloaded due to a CT failure open or during transfer of the steering relay.

5.2.3 TEST RESULTS
Two units (a breadboard and a qual unit) were performance tested from -20 to 850C ambient
temperature, The relay coil (2 amp crystal can relay) was simulated with a 600 { resistor.

The qual unit was constructed on a card and mounted with the current throttle qual unit.

The test setup is shown in Figure 5.2-3. The power supply voltage was slowly raised or

lowered until the operational amplifier output went high and the corresponding bus voltage
was Ijecorded. The power supply was then slowly changed back toward the deadband until
the operational amplifier returned to a low voltage and the corresponding bus voltage was

recorded as the reset level.

Photographs of the output (simulated relay coil) voltage waveform were taken to analyze
delay and pulse width, The operational amplifier was found to go high in less than 50 us
after a trip condition occurred on the bus, so the operational amplifier output was used to

trigger the scope sweep for both delay and pulse width measurements.
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D.C,
PROTECTED
BUS
R15 R20
" S &)
R12 . .
;F C3
c1 c
CRé6 RT| o0
RESET
CR3
R2 Q2
(]
D.C. R5$ R14
POWER
RETURN
2 R17 R18
<
SELECT "SELECT
STANDBY MAIN CURRENT
CURRENT THROTTLE
THROTTLE

Figure 5.2-2. Current Throttle Steering Switch Flight Schematic



TEMPERATURE CHAMBER

r 1
| | DVM @ — — —|—
| | ‘
\———& ] ] STEERING
POWER S1 (N.C.) l SWITCH
SUPPLY ‘

CRO 1B |

Figure 5.2-3. Current Throttle Steering Switch Test Setup

Photographs were taken of the delay for both high and low trip. Photographs were also taken
of the output duration for low trip, and for low trip caused by opening the power line (S1) which
tested the adequacy of the energy storage.

The power consumption was determined by measuring the dc current with a milliammeter

at 32.0 volts. The meter was removed for trip tests.

Figures 5.2-4 and 5.2-5 are the schematics of the two units tested. The breadboard unit was
tested before the delay requirement was imposed and the pulse width was far in excess of the
desired 10 ms (34 ms at 250C). The trip points were also different from the qual unit due to

a requirements revision, but the test still serves to demonstrate the design adequacy. The

trip point results are given in Figure 5.2-6.

Several changes were made in the qual unit design (Figure 5.2-5) based on results of the

breadboard unit tests and revised requirements. The delay circuit was added. The 62 Q
5-21
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+DC &
15K
é 30K
< 1%
6.2K
*—
100
15 K —
| 1.33
™~ uf
2N2060 *
600
%SBT 1N750‘f
1% |
* 1INS27A
30K 30 K
DC RET -
>
2.7K 2,7K
UNLESS OTHERWISE MARKED;
RESISTORS - 5% CARBON COMP, 1/4 WATT
DIODES - IN916 _ .
NPN - 2N2222A : SELECT SELECT
PNP - 2N2907A STANDBY MAIN
CURRENT THROTTLE CURRENT THROTTLE

Figure 5.2-4. Current Throttle Steering Switch Breadboard Schematic
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* 30K
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>
UNLESS OTHERWISE MARKED; 2.7K 2.7K
RESISTORS - 5% CARBON COMP, 1/4 WATT
DIODES - IN916
NPN - 2N2222A
PNP - 2N2907A SELECT SELECT
STANDBY MAIN
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CURRENT THROTTLE

CURRENT THROTTLE

Figure 5.2-5. Current Throttle Steering Switch Qual Unit Schematic
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CTRIP
pam
- :Rmm‘ ——
1 FOR DETECTING A CURRENT
THROTTLE OPEN CIRCUIT
— ¥ FOR DETECTING A CURRENT
THROTTLE SHORT CIRCUIT
- / RESET
;| | e o
-20 0 20 40 60 80
TEMPERATURE (°C)
Figure 5.2-6. Current Throttle Steering Switch Trip Voltages - Breadboard



resistor was placed downstream in the power path from the zener current source to prevent
the negative feedback through the reference which occurs when current drawn due to a
response to a trip condition increased the voltage drop across the 62 . The corresponding
slight decrease in zener voltage which occurs in the breadboard configuration can cause
oscillation at the trip point. The diff-amp collector was moved to the anode side of the block-
ing diode to preclude the waste of that current out of the energy storage capacitor in the event

of severe undervoltage.

Figure 5.2-7 presents the summary of the qual unit test results. Delay times and pulse
durations are taken from photographs of oscilliscope traces. Figure 5.2-8 graphically pre-
sents the trip point results versus specification. Carbon film resistors were used in the

voltage sense dividers which probably accounts for the slope of the low trip point. The slope

and amount of variation of the low trip point given in Figure 5.2-6, breadboard unit results,

is consistent with tests done with the voltage sense divider located outside the temperature

chamber.
Temperature - 0C
Performance Function -20 0 25 55 85
High Trip 32, 82 32,82 32,81 32,81 32,79
High Trip Reset 32,76 32,75 32,75 32,74 32,73
Low Trip 31.49 31.54 31.60 31.74 31.80
Low Trip Reset 31.56 31,60 31.66 31,68 31.74
DC Supply Current 9.9 ma 10.0 ma 10.0 ma 10.1 ma 10.2 ma
@ 32,0 Volts
DC Power 317 mw 320 mw 320 mw 323 mw 326 mw
High Trip Time Delay 2,25 ms 2.25 ms 2.2 ms
Low Trip Time Delay 2,45 ms 2.4 ms 2,35 ms
Low Trip Output 24 ms 34 ms 41 ms
Pulse Width
Power Turn Off Output 11.5 ms 13 ms 15,5 ms
Pulse Width

Figure 5,2-7, Current Throttle Steering Switch Qual Unit Test Data Summary

5-25




33.2
SPECIFIED RANGE FOR TRIP
3.0 | DETECTING A CURRENT
THROTTLE OPEN CIRCUIT \
32.8 -
32.6 b T
32.4 P
5
g2z
e |
S .
2 32,0 RESET
-
a1.s F SPECIFIED RANGE FOR A
CURRENT THROTTLE SHORT
CIRCUIT
3.6 |
TRIP
31.4 b=
31.2 I} [l 1 1 1 1 ] 1 1 1 i ]

-20 0 20 40 60 80
TEMPERATURE - °C

Figure 5.2-8, Current Throttle Steering Switch Performance - Qual Unit
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[\
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POWER TURN OFF
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—
)
!

|
0 i l 1 1 1

-20 0 20 40 60 80

TEMPERATURE - °C

Figure 5.2-9. Current Throttle Steering Switch Output Pulse Width - Qual Unit
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The output time delay range of 2.2 to 2.45 milliseconds well exceeds the 1 to 5 millisecond
allowed range. Figure 5.2-9 presents the output pulse duration for low trip and power turn
off. It can be determined from the photographs that the low temperature pulse duration for
power turnoff is being determined by the energy storage capacitor, Since the test results
are quite close to the desired 10 milliseconds, an increase of 20% was deemed desirable for

the flight energy storage capacitor.

In addition to the changes in design for the flight unit indicated above, higher voltage tran-
sistors should be used as indicated on the schematic to preclude failure of the command
circuits in the event that a double failure or test condition results in this circuit seeing

the unloaded RTG voltage (50-60 Volts) for longer than a transient condition.

5.2.4 FAILURE MODE, EFFECT, AND CRITICALITY ANALYSIS
The Failure Mode, Effect, and Criticality Analysis (FMECA) performed on this component
is shown on Table 5,2-1, Its purpose was to analyze the operation of each piece part to

determine single failure effects on the component operation.

5-27
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Table 5.2-1, Failure Mode, Effect, and Criticality Analysis

Subsystem R Page 1 of 10
Component STEERING SWITCH
Drawing No. Prepared by R. Andrews
Circuit Part Failure Most Probable Failure Effect on Fajilure Effect on Compensating | Remarks and
Item Symbol Type Function Mode Cause of Failure Component Subsystem or System Provisions Recomsendations
. Causes inverting in- | Causes switch to Switch can be | Not considered a

1 R1 Resistor  |Part of input Open put to Op Amp to go | select standby currenf commanded to | system failure.
voltage sense Tow. throttle. initial posi- | Power S/S operates
divider for tion. the same with efther
undervoltage throttie.

2 R2 Resistor Part of input Open Causes inverting in- | Steering switch will For the PB voltage to
voltage sense put to Op Amp to go only work 1f the PB go Tow the CT must
divider for high. voltage goes high. fail first and this
undervoltage. would constitute the

second failure.

3 R3 Resistor Part of input Open Removes base drive to| Steering switch won't For the PB voltage to
voltage sense differential amp Q1-A} detect an overvoltage go high, the CT must
divider for on the PB fail first and this
over voltage. would congitute the

second failure.

4 R4 Resistor Part of input Open Causes Q) - A to turn| Causes steering Switch can be | Not considered a
voltage sense on. This pulls down { switch to select eommanded to system failure.
divider for the inverting input t standby current initial posi- | Power S/S operates
over voltage. the Op Amp. throttle tion. the same with either

throttie.

5 RS Resistor Q1 - B current Open Voltage drop across Causes invertering Switch can be | Not considered a

limiting
resistor

R6 decreases as Q1 -
B shuts off. Q1 - A
turns on when emitter
voltage drops below
base.

input of Op Amp to go
tow which trips the
steering switch to
the standby C.T.

commanded to
initial posi-
tion.

system failure.
Power S/S operates
the same with either
throttle.
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Subsystem _ POWER

Page__ 2

Table 5.2-1, Failure Mode, Effect, and Criticality Analysis (Cont'd)

of 10

Drawing No Prepared by_R. Andrews
Circuit Part Failure Most Probable Failure Effect on Failure Effect on Compensating | Remarks gnd
Item Symbol Type Function Mode Cause of Failure Component Subsystem or System Provisions Recommendations

6 R6 Resistor Bias emitter Open Dif. Amp becomes |Steering switch will For the PB
voltage of inoperable. not detect an over voltage to go
Dif, Amp Q1 voltage on the PB high, the CT must

fail first

and this would
constitute the
second failure.

7 R7 Resistor Limits Open Non-inverting Steering switch Complete wipe-
current to input to Op Amp {will not detect out of PB,
voltage refe} goes low. either high or low
ence. PB voltage.

8 R8 Resistor Limits Open Non-inverting Steering switch Complete wipe-
current to input to Op Amp fwill not detect out of PB.
non-invert- goes low. either high or low
ing input of PB voltage.

Op Amp.

9 R9 Resistor Limits Open Power to Op Amp |Steering switch Complete wipe-
charging and relay would |Jwill not operate, out of PB.
current for be lost nor can it be
Cc3 commanded to selec

the standby C.T.

10 R10 Resistor Feedback Open No hysteresis. 1u this case, its
which deter- Oscillation of possible the steer/
mines the Op Amp could occufing switch would
reset level if undervoltage |not select the
for an under level was right standby C.T.
voltage trip at the trip point
condition

11 R11 Resistor Feedback Open No hysteresis. In this case, its
which deter- Oscillation of Op|possible the steerf
mines the Amp could occur iffing switch would
reset level overvoltage levellnot select the
for an over- was right at the |standby C.T.
voltage trip trip point.
condition

!




Table 5.2-1. Failure Mode, Effect, and Criticality Analysis (Cont'd)

Subsystem Page 3 of 10

._ POWER
Component W

0g-¢g

Drawing No. Prepared by R. Andrews
Circuit Part Failure Most Probable Failure Effect on Failure Effect on Compensating | Remarks 444
Item Symbol Type Function Mode Cause of Fallure Component Subsystem or System Provisions Recommendations
12 R12 Resistor {In conjunctioj Open Loss of control of| Steering switch Complete wipe
with C1, dete) the relay switch won't operate if out of P,B.
mines command by the failure the P.B, voltage
duration to detection circuits| goes low or high
the relay
switch,
13 R13 Resistor |Provides dis- Open €2 would not Would increase the NONE
charge path completely dis- transient suscept-
to time delay charge. Would ability of the
capacitor C2 reduce the time steering switch,
delay of the Op Could cause transi
Amp output. . fer to standby C.]
14 R14 Resistor [Q2 leakage Open Q2 could turn on Transfers to the
resistor if leakage current| standby C.T.
was high,
15 R15 Resistor [Q3 leakage Open Q3 could turn on Transfers to the
resistor if leakage current| standby C.T.

was high.
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Drawing No Prepared by R. Andrews
Circuit Part Failure Most Probable Failure Effect on Failure Effect on Compensating | Remarks gnd .
Item Symbol Type Function Mode Cause of Failure Component Subsystem or System Provis